addressed in [19] . Some studies using FES for fault classification and location in transmission lines have been published [20] - [23] . Fuzzy based model with better performance of directional relaying on double circuit transmission lines has been introduced in [24] . However, none of the authors have given the solution to discriminate faults in 6-phase transmission lines without complex effort considering the fundamental currents and MFES scheme. Therefore, a novel zone identification scheme using fuzzy inference system is presented in this paper. This paper will further develop to deal with fault location and classification.
The structure of the paper is as follows. Section II describes the transmission line system. In Section III, a Mamdani fuzzy idea for fault direction, classification and location is described. The simulation results and discussions are explained in Section IV. Finally, in Section V, conclusive remarks are given.
II. Transmission Line
As depicted in Fig. 1 , a single line diagram of 6-phase transmission line connecting between two substations namely Springdale and McCalmont is used to clarify the presented schemes. The network consists of a 138 kV, 60 Hz transmission line of length 200 km divided into two zones of 100 km each. The relay is located at bus-2 which gives protection to the total transmission line. The distributed line parameter blocks are employed to model 6-phase line system while fault breakers are used to simulate faults. The zone between the sending terminal and the relaying point is considered as reverse section (zone-1) and the zone between the relaying point and the receiving terminal is the forward section (zone-2). The 6-phase line is simulated using Simulink® and Simpowersystem® toolboxes of MATLAB. Fig. 3 sketches the six phase currents of D-g fault at 46 ms of time at 42 km for fault resistance of 10 Ω. The zero sequence current during D-g fault is shown in Fig. 4 . The phase angle of positive sequence current during D-g fault in the forward zone is seen in Fig. 5 . The recorded instantaneous 6-phase currents and voltages are applied to a 2 nd order low pass Butterworth filter. The filter cut-off frequency is kept at 480 Hz. After that, these currents and voltages are sampled with a frequency of 1.2 kHz. This frequency has been chosen based on the Nyquist sampling criteria. Then, these signals are fed to one full cycle discrete fourier transform for estimation of the fundamental components of 6-phase currents and voltages. Now, these currents and voltages are normalized in between -1 to +1. From the fundamental component of currents and voltages, the fundamental component of impedances is obtained using equation (1) . From the fundamental component of impedances, 35 post-fault cases are selected after the full cycle of fault occurrence. Mean impedance is computed using equation (2) , which changes from position to position for various types of fault.
Where Z -fundamental component of impedance,
Vf -fundamental component of voltage and
If -fundamental component of current
Where Zm -Mean fundamental component of impedance and n -Number of fault samples chosen.
To analyze the currents and voltages of the line during faulty condition, consider a single phase to ground fault (D-g) has occurred at 46 ms time. Before the inception of fault, the 6-phase currents and voltages in all the phases are same and zero sequence component of current and phase angle has zero amplitude. At 46 ms D-phase current increases and voltage decreases while other phase currents remain same. As a result, the fault impedance increases. The fault current decreases, voltage increases and impedance increases as the fault location increases away from bus-2. The zero sequence component current starts to increase and phase angle starts to decrease in case of forward zone. The fuzzy schemes for the protection of a 6-phase line are based on these changes in currents, voltages, impedances and phase angles under pre-fault and post-fault conditions. The simple flowchart for the proposed scheme is depicted in Fig. 6 . It consists of three stages, including faulty section detection, fault type classification and fault location.
III. MFES SCHEMES Modeling
Although the fuzzy theory was first introduced by Zadeh in 1960s, its application to the protection of transmission lines is somewhat recent. The FES is a popular computing scheme based on the concepts of fuzzy set theory, reasoning and if-then rules. It has been successfully employed in a wide variety of field's viz. data classification, automatic control, decision analysis, pattern recognition and robotics. The process of formulating the nonlinear mapping from a given input to an output based on fuzzy logic is known as fuzzy inference. Fig. 7 shows a diagram of general FES. The basic structure of FES consists of four conceptual components: fuzzification, rule base, inference engine and defuzzification. The fuzzification unit maps a vector input of scalar values into corresponding fuzzy sets. The rule base consists of linguistic rules that are often defined by domain experts. When a rule has multiple antecedents, the fuzzy operation is employed to determine a single firing strength in inference engine. The aggregator combines the output fuzzy sets into a single fuzzy set. The defuzzification unit then transfers the output fuzzy sets into a crisp value, which is the final output of FES. There are two kinds of FES schemes that can be implemented in the Fuzzy Toolbox: Mamdani and Takagi-Sugeno. Mamdani fuzzy expert system is the most commonly seen inference system. Mamdani fuzzy inference was first introduced by Mamdani and Assilian in 1975. The steps involved in the MFES scheme are explained in Fig. 8 . The building of fuzzy schemes are described the next step. 
Approach: MFES Stage 1: Fuzzification
Step 1: Determining a set of fuzzy rules
Step 2: Fuzzifying the inputs using membership function
Stage 2: Rule Evaluation
Step 1:
Combining the fuzzified inputs according to the fuzzy rules to establish rule strength.
Step 2:
Finding the consequence of the rule by combining the rule strength and the output MF
Step 3:
Combining the consequences to get an output distribution
Stage 3: Defuzzification
Step 1: Defuzzifying the output distribution For the protection system three MFES schemes have been designed namely MFES-1, MFES-2 and MFES-3 to identify the faulty zone, classify and locate the faults, respectively. All the fuzzy schemes are modeled based on the Mamdani technique only. In the first scheme, MFES-1 is used by applying the phase angle of positive sequence current only to identify the faulty zone/section, whether the fault is on section-1 or on section-2. After that MFES-2 is developed by employing the fundamental component and zero sequence components of current to classify the faults. Further, MFES-3 is designed by using impedances in each phase to locate the fault. The first scheme (MFES-1) has one input parameter, 3 rules and one output. The second scheme (MFES-2) has seven input parameters, 120 rules and seven outputs whereas the third model (MFES-3) has also six input parameters, 8 rules and one output. The linguistic variable names, membership function (MF) names and MF type in each input-output for MFES-1, MFES-2 and MFES-3 are illustrated in Table-I 
. Fuzzy operators 'OR' and 'AND' have been recommended to connect input
MFs. The minimum method is chosen to determine the firing strength.
The aggregation used here is the maximum method. Then the centroid method of defuzzification is employed. After completion of modeling, proposed MFES schemes can provide accurate results by interring/ giving the proper input parameters.
IF-THEN rules for MFES-1

R1: IF (Phase angle is Small) THEN (Zone is Forward Zone
The transformation from input numerical to fuzzy is called as fuzzification. Numerical inputs are changed to their fuzzy equivalent by a family of MFs. In MFES-1, input represents phase angle. The output represents Zone. The three types of triangular MFs viz. Small, Normal and Large are designed for input as illustrated in Fig. 9 and three types of triangular MFs viz. Reverse Zone, No-Fault and Forward Zone are designed for output as illustrated in Fig 
Fuzzy Inference Engine
After making input output fuzzy sets, fuzzy rules are constructed to evaluate faulty zone detection, fault type classification and fault location. The OR operator is performed with min operation and AND operator is performed with max operation. The fuzzy rules are framed in the form of IF-THEN based on the conditions and conclusions. The combining result of each rule is evaluated by fuzzy set operations. This mechanism is known as inference engine.
Defuzzification
The aggregation is changed into a numerical value for outputs. It is performed by the defuzzification technique. A single number indicates the fuzzy sets outcome. Centroid technique is employed to change the finalized fuzzy conclusions into numerical values. Fig. 15 shows centroid defuzzification for MFES-1 during reverse fault in MATLAB fuzzy software. Fig. 16 shows centroid defuzzification for MFES-2 during 'Ag' fault in MATLAB fuzzy software. Fig. 17 shows centroid defuzzification for MFES-3 during fault at 65 km in MATLAB fuzzy software. 
IV. Results and Discussions
Proposed fuzzy based fault direction relaying, classification and location schemes are tested for different fault cases. The change of parameters considering fault types (forward and revere faults), fault inception angles, fault locations (including near end and far end) and fault resistances. The total number of test fault cases employed for testing the proposed fuzzy based scheme is 10,000 cases. The performance of MFES based schemes and comparison study is discussed in the following subsections.
A. The Performance of Directional Relaying, Fault Classifier and Fault Locator
Prior to classification, directional relaying and location estimation has been carried out. The fault direction relaying scheme traces the presence of faults and also determines the direction of faults. When there is no fault the response will be zero. If any fault occurs, the response starts changing to either -1 or +1 based on the reverse or forward faults, respectively. The simulation results of direction relaying detector and locator for various types of fault with changing fault location in reverse or forward direction from bus-2 are given in Table II . The simulation results of direction relaying detector and locator for various types of fault with changing fault resistance in reverse or forward direction from bus-2 are given in Table III . The simulation results of direction relaying detector and locator for various types of fault with changing fault inception angle in reverse or forward direction from bus-2 are given in Table IV . It is confirmed that most of the test samples have identified zone and located the faults.
The response of the proposed scheme is also tested for faults occurring in the boundary locations, i.e., near end and far end/remote faults. The traditional distance relaying technique reach setting is up to 85-95% of total length of line. Thus it is difficult to find the faults that occur between 95% and 100% of the length. Considering the objective of enhancing the reach setting value, the proposed scheme is developed. The response of the scheme for different far end/remote faults has been investigated by changing the fault location between 97 km and 99 km in each zone in steps of 1 km. The near-end faults occurring very close to bus-2 location in both the zones (within 3 % of the line) and the voltages at the relay will be very small. Therefore, the near end faults are challenging for the traditional impedance relay. The response of the scheme for different near end faults has been investigated by changing the fault location between 1 km and 3 km in each zone in steps of 1 km. The simulation results of different fault types at boundary locations are outlined in Table V . Thus the proposed scheme can protect total transmission line length and reach value of the line is 99.7%. The maximum absolute error percentage was 0.54% under phase-to-phase and phase-to-ground faults (including reverse, forward, near end and remote end faults. The % error in estimated fault location is calculated using (3).
(3)
The simulation results of MFES-2 corresponding to various fault scenarios with change in fault parameters such as fault type, fault location, fault resistance and fault inception angle are listed in Table  VI . The proposed MFES-2 scheme classified the faults correctly. It can be confirmed that the response time is within one cycle of post fault for all the tested fault scenarios. 
B. Comparison with Other Techniques
To further judge the expediency of the scheme, the comparison analysis has been carried out for reach setting and scheme used. The proposed scheme has been compared with the other ones reported in papers listed in Table VII . Most of the existing schemes in six phase line [4] - [8] are non-directional relays. The proposed relay is directional and deciphered the difficulty of distinguishing between reverse and forward faults and providing the precise fault location in six-phase lines. ANN based fault location [7] , directional relying [15] and classification [5] techniques are developed. However, the drawback of ANN techniques is that it requires large data samples set to learn the relationship between fault patterns with changing fault parameters and no-fault which needs tedious training process. Also, the choice of the training algorithms, mean square error goal, number of epochs, hidden layers, activation functions and number of neurons is a difficult task. Thus, a technique without complex computation and without training will be more advantageous, like the proposed fuzzy technique. The reach setting of line length in [11] is 99.5%. The test results of the proposed method in the present paper; the reach setting is 99.7% without training effort. A fuzzy technique [24] is addressed for 3-phase line and is also directional relay, but its reach is up to 99% and it does not deal with a six phase line. The proposed scheme not only gives the minimum error but also attains the same with better reach setting in six phase line. Simulations confirmed high efficacy and satisfactory performance of the proposed directional relaying, classification and fault location scheme compared with other reported approaches. Thus, the fuzzy relay is a better option for direction relaying, classification and fault location compared to all other techniques in six phase line.
V. Conclusion
This study dealt with performance improvement of zone identification and fault location in six phase line. The fault protection is achieved through the MFES scheme, which works on phase angle, currents and impedance samples acquired at single terminal of line. The results show that the proposed MFES based scheme can be effectively applied for zone identification of six phase line. Simulation results show that the proposed relays could give protection to both the sections of the six phase line. Neither fault inception angle information nor fault type is a prerequisite for this scheme. The schemes have the advantage of automatically tuning the MFs for an optimal design. The proposed directional relaying offers protection up to 99.7% of the line in both reverse zone and primary zone. Even though the proposed scheme is simple and easy, the improvement is significant. .
